Coastal squeeze caused by sea level rise threatens the size, type, and quality of intertidal habitats. Along coastlines protected by hard defenses, there is a risk that natural rocky shore habitats will be lost, with the remaining assemblages, characteristic of hard substrata, confined to sea walls and breakwaters. These assemblages are likely to be less diverse and different to those found on natural shores, as these structures lack features that provide moist refugia required by many organisms at low tide, such as pools and crevices. Engineering solutions can help mitigate the impact of sea level rise by creating habitats that retain water on existing structures. However, as experimental trials are strongly affected by local conditions and motivations, the development of new techniques and solutions are important to meet the needs of local communities and developers. Following a small-scale community project, a feasibility study retrofitted five concrete-cast artificial rock pools ("Vertipools") on a vertical seawall on the south coast of England. After 5 years, the artificial pools increased the species richness of the sea wall and attracted mobile fauna previously absent, including fish and crabs. The Vertipools had assemblages which supported several functional groups including predators and grazers. Although disturbance of algal assemblages on the seawall from the retrofitting process was still evident after 3 years, succession to full canopy cover was underway. Collaboration between policy makers, ecologists, children and artists produced an ecologically sensitive design that delivered substantial benefits for biodiversity, which can be adapted and scaled-up to both mitigate habitat loss and enhance coastal recreational amenity.
INTRODUCTION
Climate change and biodiversity loss are two of the greatest threats to coastal areas around the world (IUCN, 2016 ; Committee on Climate Change UK, 2018; WWF, 2018) . Not only do coastal areas support important biodiversity, act as carbon sinks and provide a buffer in front of sea defenses, they also have an important role in tourism and the provision of cultural services (Committee on Climate Change UK, 2018).
Coastal protection provided by seawalls forms a barrier between the land and sea, preventing the natural migration of the coastline. These barriers, coupled with increased sea levels, are resulting in "coastal squeeze, " which occurs when the high water mark is fixed by a defense structure and the low water mark is moving landward due to sea level rise, resulting in substantial losses of intertidal habitats (Pontee, 2011) . The construction of coastal defense structures results in the steepening of the shore profile (Jackson and McIlvenny, 2011 ; Committee on Climate Change UK, 2018) which creates less space for colonization and compressed species zonation (Kendall et al., 2004) . This, coupled with the lack of water retention which would naturally occur in crevices and pools (Firth et al., 2013) , results in a poor quality habitat. Habitat heterogeneity is also generally absent on most artificial structures; in contrast, natural rocky shores have a high variety of surface textures, crevices, overhangs and pools, which provide suitable refugia and habitats for a diverse range of species (Connell, 1972; Underwood et al., 2008) .
Water retention is important on a rocky shore as it creates refugia from desiccation stress and predation during periods of low tide (Firth et al., 2013; White et al., 2014) . Although the physico-chemical composition of rock pools is known to fluctuate diurnally and seasonally with changes in temperature, pH, salinity and oxygen saturation, these fluctuations are not as extreme as on the emergent rock surfaces (Daniel and Boyden, 1975; Metaxas and Scheibling, 1993) . Rock pools are known to extend the limits of distribution for intertidal species, including larger brown algae (Fucus spp.), limpets and mussels (Green, 1971) . Photosynthesis of algae within the pools can influence oxygen and carbon dioxide levels, which in turn affect the pH of the water (Metaxas and Scheibling, 1993; Björk et al., 2004) . Intertidal fish also use rock pools as habitats, but rock pools decline in abundance as the shore height increases (Bennett and Griffiths, 1984; Zander et al., 1999) . White et al. (2014) found that more complex rock pools with ledges and algal cover resulted in higher abundances and diversity of intertidal fish.
Ecological enhancement schemes that integrate ecology with engineering can create potential solutions to mitigate low habitat heterogeneity and produce multifunctional structures that provide coastal protection and also incorporate suitable habitats for marine species (Firth et al., 2013; Dafforn et al., 2015; Evans et al., 2015; Morris et al., 2016) . Trials have indicated that creating artificial features which increase water retention and habitat heterogeneity can provide opportunities for colonization by a variety of species (Chapman and Blockley, 2009; Browne and Chapman, 2011; Firth et al., 2014a; Evans et al., 2015) . There have been several examples of trials including the use of artificial panels (Moschella et al., 2005; Borsje et al., 2011; Loke and Todd, 2016) , manipulations of concrete (Chapman and Underwood, 2011; Firth et al., 2016a) , drilling holes into existing artificial structures Firth et al., 2014b; Evans et al., 2015; Hall et al., 2018) and by creating pre-cast concrete units [See Firth et al. (2016b) for review]. Chapman (2011, 2014) deployed pre-cast flowerpots at different tidal heights on a seawall in Sydney to mimic natural rock pools; although some flowerpots were dislodged by waves, the remaining ones increased the biodiversity of the seawall by attracting novel sessile species. Morris et al. (2017) investigated the larger scale effects of the flowerpots by studying the mobile communities. In addition, they added artificial turf to some of the pots in order to see the effects on the native and non-native sessile communities. The study found higher densities of mobile and sessile species in pots without artificial turf, implying that the turf prevented particular species from colonizing the pots. The outcome of experimental trials are strongly affected by local conditions and motivations , therefore development of new techniques and solutions are important to meet the needs of local communities and developers.
Shelving the Coast Project
As part of the community science project "Shelving the Coast" on the Isle of Wight in southern England, artists, school children and ecologists designed and created a series of structures subsequently named and referred to here as "Vertipools." These pre-cast concrete artificial rock pools aimed to vertically extend the intertidal zone to mitigate the effects of sea level rise, which could result in the loss of the existing intertidal rock pools. The Vertipools were designed to be attached to coastal structures, such as vertical seawalls and groynes. The exterior patterns were designed by local primary school children aged between 5 and 7, as part of an educational project on coastal squeeze. The V-shape was inspired by the bow of a ship to deflect wave energy and the hollow insides allow for water retention at low tide (Supplementary Figures S1A-F) . The educational program involved three activities; an animation project, song writing and recording exercise and designing the Vertipools exterior surfaces.
The main purpose of this study was to monitor the growth of the assemblages on and within the Vertipools and to determine whether the installation would improve the species diversity of assemblages living on the seawall within the study area. Studies on colonization of hard substrata have shown changes in assemblages and successional processes with an increased number of species and functional groups over time (BenedettiCecchi, 2000; Jenkins and Martins, 2010; Herbert et al., 2017) . Our general hypothesis is that there will be a community succession over time in the artificial pools and the disturbed areas of the sea wall. The Vertipools were surveyed seasonally in year 2 and 3 to determine the early community succession and then again in year 5 to compare the species richness with the seawall. The following hypotheses were tested:
(1) Vertipools will support a higher species richness than the seawall after 5 years; (2) Season and year will have a significant effect on the community succession and in turn the species richness and functional groups of the assemblages within the Vertipools during 2015 and 2016;
In order to assess the impact of Vertipool construction on existing assemblages on the seawall the following hypothesis was tested:
(3) The disturbed area of the seawall will have a similar percentage cover of algae to the undisturbed seawall after 3 years.
MATERIALS AND METHODS

Study Site
The site at Bouldnor is located on the south coast of England approximately 5 km east of Yarmouth on the north west coast of the Isle of Wight (50 • 42 27.5 N 1 • 28 57.1 W) (Figure 1) . The shore is moderately sheltered with a north facing aspect and a mean tidal range of 2 m. This stretch of coast has been heavily modified and includes a vertical concrete seawall constructed in 1985 (Figure 1) . The seawall has well-established zones of marine algae dominated by the brown seaweeds Ascophyllum nodosum and Fucus spiralis. Below the sea wall, the shore is dynamic and truncated, consisting of limestone boulders surrounded by mobile mixed sediments. Natural rock pools which are approximately 30 cm in diameter and 10 cm deep, appear when beach levels are low but are often smothered by sediment. Other natural rock pools occur on nearby protected areas. This site was chosen for the trial due to the low risk of public interference and ease of access for installation and monitoring.
Vertipool Description
During September 2013, five concrete wooden-cast Vertipools were installed between Mean Tide Level (MTL) and High Water Neaps (HWN) on the vertical concrete seawall. The outside of each Vertipool was hand sculptured using wet cement to incorporate the design of the school children (Supplementary Figure S1A) . The Vertipools weigh 50 to 70 kg and are 900 mm at their widest, 610 mm in height, protrude a maximum 400 mm from the seawall and have an undulating pool depth of 10-200 mm (Figure 1 and Supplementary Figure S1 ). Three 20 mm diameter M20 stainless steel coach bars attached to a T-shape steel plate were cast into the back of the Vertipools for attachment to the seawall. Three holes were made in the seawall using a 25 mm diameter SDS drill bit to a depth of 150 mm and filled with a marine grade resin bonding agent (Fischer Resin Mortar), before attaching the Vertipools.
Assemblage Monitoring
Seasonal variation in assemblages in the Vertipools was recorded in spring, summer, autumn and winter of the second and third year after installation (2015 and 2016) and long-term changes were recorded in the fifth year after installation (2018). In addition, the effects of retrofitting on the seawall were monitored in the third year after installation (2016), after which the beach level had risen too much to access some of the control quadrats, so sampling was stopped. All fauna and macroalgae were surveyed thoroughly in each habitat using visual in situ non-destructive sampling techniques and organisms were identified to the lowest taxonomic level possible (Evans et al., 2015) . Care was taken to survey both the canopy and understory communities. The Vertipools were sampled seasonally (spring, summer, autumn, and winter) during 2015 and 2016 in order to detect any variation in assemblages. Percentage cover of macroalgae and counts of sessile and mobile fauna were recorded on both the inside and outside of each Vertipool separately. The internal and external surface area of the pool were each approximately 0.25 m 2 . In addition, 5 years post installation, the Vertipools were surveyed again once in September 2018 and the communities were compared to the adjacent seawall.
The undisturbed seawall adjacent to the Vertipools was sampled using five 0.25 m 2 quadrats to record the percentage cover of algae and counts of sessile and mobile fauna at a comparable tidal height (>2 m distant) adjacent to the Vertipools. This data was compared with the data collected in the Vertipools after 5 years.
To measure the effect of retrofitting the Vertipools on the existing algal assemblage on the vertical sea wall, areas scraped and cleared at the time of installation (referred to as "Disturbed Seawall") were monitored in 2016 (3 years post installation). The limited space available necessitated use of smaller 25 cm × 25 cm quadrats placed either side of each of the five Vertipools to record percentage cover of flora (N = 10).
Statistical Analyses
All data were tested for normality and equal variances and all t-tests and Generalized Linear Mixed Models (GLMMs) were run using R v3.5.1 (R Core Team, 2018), the GLMMs were run using package "lme4" version 1.1-18-1. Species richness (S) were calculated for each Vertipool using the DIVERSE function, which calculates diversity indices, in PRIMER-e V6 (Clarke and Gorley, 2006) . To test hypothesis 1, that Vertipools will support greater species richness than the seawall after 5 years, the data recorded from the inside and outside habitats on each Vertipool were combined and averaged (N = 5). A two-sample t-test was used to test for differences in mean species richness between habitats (Vertipool and control seawall).
To test hypothesis 2, whether species richness and abundance of algae in the Vertipools were significantly different between seasons (spring, summer, autumn, and winter) and years (2015 and 2016), a Poisson generalized linear mixed model was used (R Core Team, 2018) . The Poisson GLMM included the individual Vertipool as a random variable within the model. The parameters were fitted by maximum likelihood (Bolker et al., 2009 ).
To test if seasonal variation in assemblages and functional groups were observed in Vertipools during 2015 and 2016, PRIMER-E was used on presence/absence data to create a Jaccard similarity matrix. Assemblages were presented visually using Multidimensional Scaling (MDS) and ANOSIM (analysis of similarity) was used to test for differences in assemblages between seasons and years. All species were classified into the morph-functional groups that were present at the site: Canopy algae, Sub-canopy algae, Filter feeders, Grazers, and Predators (Arenas et al., 2006; Firth et al., 2014a) . The five functional groups were used to create a Jaccard similarity matrix on presence/absence data. ANOSIM was used to highlight the variation in functional groups between Season and Year and significant results were explored further using SIMPER (similarity of percentages).
To test hypothesis 3, that the disturbed area of the seawall had similar percentage cover of algae to the undisturbed seawall after 3 years, a beta regression GLM ("betareg" version 3.1-2) was used to test the differences in mean percentage cover of algae between habitats (Disturbed seawall and Control seawall). To assess the similarity of communities, a Jaccard similarity matrix on presence/absence data was used perform an ANOSIM and SIMPER to highlight the variation in species abundance.
RESULTS
Over the 5 years, a total of 24 species were recorded on the inside of the Vertipools, 15 species were found on the outside of the Vertipools, 12 species on the control seawall and eight species on the disturbed seawall ( Table 1) . During the study, the algal cover on the exterior of the Vertipools developed from a community dominated by opportunistic green algae (Ulva spp.) into a dense over-hanging fucoid canopy (F. spiralis). The algal assemblages inside the Vertipools comprised of fucoids, filamentous and branching algae. Mobile species observed inside the Vertipools included fish (Lipophrys pholis), crabs (Carcinus maenas, Porcellana platycheles) and gastropods Patella vulgata and Littorina obtusata. The shore crab C. maenas was observed inside the Vertipools at various life stages including juvenile, adult and when freshly molted along with the discarded exoskeleton indicating recent ecdysis. The broad clawed porcelain crab (P. platycheles) was recorded in the Vertipool located at the highest tidal height, a location in which it would previously not have been able to survive without the refuge provided by the Vertipool. The brown algae Sargassum muticum found inside the pools and the barnacle Austrominius modestus on the exterior surfaces were the only two non-native species observed. Frontiers in Marine Science | www.frontiersin.orgTABLE 2 | Generalized Linear mixed effect model results for Species Richness (S) (all fauna and flora) and Total abundance of algae (N) between season, year and season×year with Vertipool included as a random effect for 2015 and 2016 ( * * * P < 0.001, * * P < 0.01, * P < 0.05, NS, Not significant).
(a)
Species richness (S) Total abundance of algae (N) 
Vertipool vs. Seawall
After 5 years the Vertipools showed a significantly greater species richness (mean = 9.6) compared to the seawall (mean = 6.6) (ttest 8 = −3.32, P = 0.01) (Figure 2) . Ten species were found to be unique to the Vertipools; these were algae Chaetomorpha sp. Ulva lactuca, Ectocarpus sp., F. serratus and Polysiphonia sp., benthic invertebrates Actinia equina and A. modestus and mobile species L. obtusata, C. maenas, and P. platycheles (Table 1) . Additionally, the shanny fish L. pholis was found in the pools in March 2015. The barnacle A. modestus was recorded on the exterior rough surface of the Vertipool, but not found on the sea wall. Fronds of the alga F. spiralis attained a greater tidal elevation on the Vertipool compared to the sea wall (Supplementary Figure S1F) .
Vertipools
There was a significant difference in species richness between seasons ( Table 2 ) with winter having the highest mean species richness and spring having the lowest mean species richness. There was no significant difference in species richness between years and no significant interaction between seasons and year ( Table 2 ). There was a significant difference in total abundance of algae between both season and year (Table 2) , with 2016 having a higher abundance of algae than 2015 and spring having the lowest abundance of algae across all seasons ( Table 2) .
There was a significant difference in assemblage composition among seasons (Global R = 0.143, P = 0.0002) and between years (Global R = 0.117, P = 0.001, Figure 3) . The MDS showed that the assemblages in 2015 and 2016 are separated with slight overlap and the spring samples are clustered together (Figure 3) .
The functional groups of species inside the Vertipools were also significantly different between years (ANOSIM, Global R = 0.083, P = 0.026), but not seasons (ANOSIM, Global R = 0.012, P = 0.336, Figure 4) . The Vertipools were initially dominated by sub-canopy algae, yet after spring 2016 it was transformed into canopy-algae dominated community. Spring 2016 heralded the arrival of filter feeders and predators in the Vertipools (Figure 4) . Table 3 details the average abundance of functional groups for each year; canopy algae, filter feeders, predators and grazers were all more abundant in 2016.
Disturbed Seawall vs. Undisturbed Seawall
After 3 years, the disturbed seawall communities had not recovered algal percentage cover similar to that of the undisturbed sea wall (beta regression GLM, F = 47.87, P < 0.001, pseudo r-squared = 0.66, Figure 5 ). Yet there was a significant difference in assemblage composition between the disturbed and undisturbed seawall (ANOSIM, Global R = 0.193, P = 0.18).
78.03% of the overall 33.69% dissimilarity between habitats was due to four algal species; A. nodosum, F. spiralis, F. serratus, and Catenella sp. A. nodosum was most abundant on the seawall, whereas F. spiralis, F. serratus, and Catenella sp. were most abundant on the disturbed seawall ( Table 4) .
DISCUSSION
Although a small-scale study, compared to previous studies (Browne and Chapman, 2014; Evans et al., 2015; Firth et al., 2016a) this currently represents the longest time-series of species richness and assemblage compositions in artificial rock pools. The water retention and increased surface texture provided by the Vertipools created a habitat which was absent from the existing sea wall, enabling a variety of different rock pool species, including fish, to inhabit the structure. Within the study area, the Vertipools increased the species richness on the seawall, supporting a wider range of taxa that is more characteristic of natural shores (Crisp and Southward, 1958; Martins et al., 2007; Firth et al., 2014a) . All of the Vertipools remained attached to the seawall with no visible signs of damage; destruction of enhancement devices by waves has been a problem in previous studies (Browne and Chapman, 2014) . The Vertipools were designed to deflect wave energy and the strong internal and external fixings ensured that no damage was caused to the Vertipools or the seawall. One of the greatest concerns with retrofitting enhancement devices is the potential to damage the structural integrity of the coastal assets. As sea levels rise and coastal squeeze becomes more severe (Pontee, 2011 ; Committee on Climate Change UK, 2018), limiting the refugia provided by natural habitats (Jackson and McIlvenny, 2011) , it is probable that the Vertipools will become more important to species currently surviving in natural pools at lower tidal levels. Without the refuge provided by the Vertipools, many of the mobile species recorded would not be able to survive at such a high tidal height (Pallas et al., 2006) . Initially, the Vertipools were colonized by opportunistic green algae (Ulva spp.), followed by a shift to fucoid algae on the exterior and branching/filamentous algae on the interior. This follows typical succession on a rocky shore (Benedetti-Cecchi and Cinelli, 1996; Benedetti-Cecchi, 2000; Martins et al., 2007; Viejo et al., 2008) , although a longer monitoring period is required to establish whether the assemblages have stabilized (Browne and Chapman, 2014 ). An increased number of functional groups found within the Vertipools in 2016, suggest that communities were still developing; in 2015 the assemblage was dominated by sub-canopy algae, yet in spring 2016 the assemblage changed and became characterized by canopy algae with an increased number of filter feeders, predators and grazers.
Seasonal variation in assemblages has been observed in the Vertipools, with red filamentous algae appearing in the summer months (Christie et al., 2009 ) and barnacles recruiting in the spring (Jenkins et al., 2000) . The close proximity to natural habitat and propagule supply may facilitate colonization at this site and locations with less spatial connectivity may take longer to colonize (Cowen and Sponaugle, 2009; Herbert et al., 2017) . The largest change in the community was noted when grazers, particularly limpets, moved onto the Vertipools, removing the fucoids from the exterior of the Vertipools.
The Vertipool located at the greatest height on the seawall took longest to colonize, with the interior community predominately consisting of opportunistic algae (Ulva spp.), whereas the exterior was colonized by F. spiralis. Previously, the reduced number of organisms in high shore ecological enhancements has been linked to low recruitment levels (Browne and Chapman, 2014) . Over the duration of the study it was noticed that the elevation of fucoids on the exterior of the Vertipool increased to a height above that of the fucoids growing on the seawall, possibly due to the damper, shaded "overhang" effect created by the Vertipools.
Enhancement of Seawall
Given predicted sea level rise and truncation of the intertidal zone, the provision of suitable habitats on artificial structures is TABLE 4 | SIMPER analysis run using Jaccard similarity matrix on disturbed vs. control seawall after 3 years, mean abundance (%) of species contributing to dissimilarity between habitats SIMPER, Average dissimilarity = 39.63% (Av. Abund = mean abundance, Av. Diss = Average dissimilarity, Diss/SD = SD of dissimilarity, Contrib% = contribution %, Cum% = cumulative percentage). necessary to prevent further biodiversity loss. As with natural rock pools found on the upper shore, the distribution of intertidal species extended higher up the shore due to the installation of the Vertipools. Mobile fauna such as crabs (C. maenas, P. platycheles) and periwinkles (L. obtusata), previously absent from the seawall, were found inside the Vertipools on multiple occasions. Studies have shown that rock pools support a more diverse community than adjacent rock faces (Firth et al., 2013 (Firth et al., , 2014a on both natural shores (Firth et al., 2014a) and artificial structures (Chapman and Blockley, 2009; Browne and Chapman, 2014; Evans et al., 2015) . As this study was a small-scale trial project, the five Vertipools were only installed at one site, resulting in low spatial replication. Future studies will need to include trials at multiple sheltered and exposed sites with increased replication to determine wider scale benefits and impacts. Shore height, pool volume, surface area, depth, shading and drainage are known to impact the physico-chemical composition of rock pools (Daniel and Boyden, 1975; Metaxas and Scheibling, 1993; White et al., 2014) , therefore, the installation of artificial pools of different sizes and depths and at a variety of heights would be beneficial. The elevated presence of the alga F. spiralis on the exterior base of the Vertipools could indicate reduced desiccation stress for the species at this height. Therefore, compared to the seawall, the establishment of Vertipools, constructed of roughened concrete, creates a more heterogeneous habitat providing water retention and damp refugia. These features enable species to occupy levels that are elevated above current zones on the seashore. Natural rock pools are not permanent features of this particular study site as the shore is mobile and prone to periodic smothering by sediments. However, rock pools harboring protected species at similar tidal levels do occur on the island 5 km to the west, so the installation of artificial pools on sea walls may be regionally beneficial to the conservation of these species should they colonize in the longer term.
Impacts of Retrofitting
In the present study, the shoreline and seawall were dominated by A. nodosum which is slow to recover after disturbance events (Jenkins et al., 2004) , due to poor growth and recruitment mortality (Stengel and Dring, 1997) . This study monitored how the retrofitting process affected the existing algal cover on the seawall. After 3 years the disturbed areas were recolonized by F. spiralis (19.00% cover) and A. nodosum (2.60% cover), with an understory of R. floridula (26.50% cover) and C. rupestris sp. (69% cover). However, as shown by Jenkins et al. (2004) , A. nodosum took longer to grow than F. spiralis. Overall, the early recolonization of algae indicates that the retrofitting process is unlikely to have any long-term impact on these assemblages, although A. nodosum does need continued monitoring. As the disturbed patches of the sea wall were limited in area, a smaller sized quadrat was necessary for sampling, so comparative estimates of algal cover areas should be considered with caution. One criticism of retrofitted objects is that they might reduce the structural integrity of the seawall (French, 2001) . To date, however, no visible signs of damage or weakening have been observed, although this will continue to be monitored over time. Moreover, cross disciplinary work needs to be conducted between engineers and ecologists to create multifunctional structures for the future (Dafforn et al., 2015; Firth et al., 2016a) . Evidence suggests that if ecological enhancement devices are aesthetically pleasing, the general public and coastal managers are more supportive of their use (Morris et al., 2016) . Incorporating education and public engagement into habitat creation schemes is an excellent way to connect and educate the general public and school children on important issues such as coastal squeeze and sea level rise. The use of art to activate and engage the students on a complex topic worked well in designing the Vertipools exterior patterns and is recommended for future projects.
CONCLUSION
Extending the intertidal zone vertically by creating bioreceptive artificial rock pools for marine life to inhabit has been successful in this feasibility study. Vertipools could be installed and retrofitted on a variety of different coastal structures including seawalls and groynes to produce biologically favorable built environments. If replicated more widely, these features have the potential to mitigate the impact of coastal squeeze and other physical disturbances that limit the size of the intertidal zone, such as coastal development. Combined with other interventions, such as the creation of holes and grooves to create refugia at different scales, increased habitat heterogeneity on these structures will improve species and functional diversity.
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